Background: The mechanisms by which hypertonic sodium lactate (HSL) solution act in injured brain are unclear. We investigated the effects of HSL on brain metabolism, oxygenation, and perfusion in a rodent model of diffuse traumatic brain injury (TBI). Methods: Thirty minutes after trauma, anaesthetised adult rats were randomly assigned to receive a 3 h infusion of either a saline solution (TBIesaline group) or HSL (TBIeHSL group). The shamesaline and shameHSL groups received no insult. Three series of experiments were conducted up to 4 h after TBI (or equivalent) to investigate: 1) brain oedema using diffusion-weighted magnetic resonance imaging and brain metabolism using localized 1 H-magnetic resonance
There has been a growing interest in the exogenous supplementation of lactate through the administration of hypertonic sodium lactate (HSL) solution after traumatic brain injury (TBI). 1 The rationale for using such a solution was based on accumulating evidence of endogenous lactate as a major oxidative substrate utilised by injured brain cells. 2e4 It was
shown that exogenous lactate anions could also enter injured brain cells to be utilised as an energy source. 5e7 Exogenous lactate constitutes a preferential oxidative substrate over glucose for neuronal metabolism. 8, 9 In patients with no evidence of brain ischaemia after TBI, HSL infusion was associated with a significant increase in extracellular concentrations of lactate, pyruvate, and glucose. 10 HSL was proposed to act as a glucose-sparing substrate through increasing pyruvate availability for the mitochondrial tricarboxylic acid cycle, and then improving oxidative metabolism after TBI. In this line, HSL may ultimately reverse the failure of mitochondrial respiration described after TBI. 11, 12 Such a notion would imply a benefit of such lactate flooding on mitochondrial function in injured brain tissue, a hypothesis that remains unexplored. 13 Alternatively, the cerebral effects of HSL may be caused by lactate-related vasodilator effects, 14, 15 and hyper-osmotic and anti-oedematous effects leading to a reduction in intracranial pressure. 10, 16, 17 In order to clarify the exact role of HSL as a whole solution in brain injury, we compared HSL vs isotonic saline solution in injured and normal brain. To document the possible versatile properties of HSL, we used multiple techniques to study intracellular lactate, brain-tissue oxygenation and perfusion, and mitochondrial metabolism in a rodent model of diffuse TBI. We hypothesised that HSL solution could reverse brain metabolism and oxygenation dysfunction induced by diffuse TBI through a possible utilisation of exogenous lactate by injured brain cells.
Methods
A series of three experiments were conducted on each of four groups of adult male Wistar rats (350e500 g). In the first series of experiments, we studied the effect of HSL on combined measurements of brain oedema and brain metabolism after diffuse TBI. We used diffusion-weighted magnetic resonance imaging (MRI) to assess brain oedema before TBI, at 2 h (H2) and 4 h (H4) after TBI or equivalent time; thus, each rat (n ¼ 10 per group) acted as its own control. Simultaneously, brain metabolism was assessed using in vivo localised 1 H-magnetic resonance spectroscopy ( 1 H-MRS). The rats were then killed to measure the mitochondrial respiratory control ratio (RCR) of extracted mitochondria from brain tissue using oxygraphic analysis. The rats were randomly assigned to one of four groups: the TBIesaline group received a saline treatment and the TBIeHSL group was treated with HSL; shamesaline and shameHSL rats received no TBI insult.
In the second series of experiments using a similar protocol and four groups of rats, we investigated the effect of HSL on combined measurements of brain perfusion and brain oxygenation. We used multi-parametric quantitative bloodoxygenation-level-dependent (BOLD) approach to measure brain-tissue oxygen saturation (StO 2 ) (n ¼ 10 per group) and vessel size index (VSI; n ¼ 5 rats per group) before TBI and at H2 and H4 after TBI or equivalent time. In the third series of experiments using a similar protocol, we evaluated the morphological disruption of mitochondria using electron microscopy at H4 (n ¼ 1 rat per group).
Experimental protocol
The study design was approved by the local Internal Evaluation Committee for Animal Welfare and Rights. The experiments were performed in accordance with the guidelines of the French Government (licenses 380819 and B3851610008) and the Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines. The experimental protocol was similar to the one described previously (Supplementary files).
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Injury was induced according to the initial description of the impact-acceleration model in anaesthetised and mechanically ventilated rats. The reference time (H0) corresponded to the impact (TBIesaline and TBIeHSL) or equivalent time (sham operated). Thirty minutes after H0, the rats were randomly allocated to intravenously receive 0.5 ml kg À1 h À1 of either an isotonic saline solution or a solution of HSL 11.2% (Na þ 1000 mmol litre À1 and lactate 1000 mmol litre À1 , prepared by the Assistance Publique des Hôpitaux de Paris, Paris, France) during a continuous infusion lasting 3 h. Randomisation was achieved using pieces of paper folded and placed in a receptacle, with each piece of paper recording an animal number. A piece of paper was randomly withdrawn without replacement on the day of each experiment to allocate each animal into a group. A number was then allocated to each animal for data analysis of MRI, oxygraphy, and electron-microscopy measurements. The group allocation was disclosed after completion of data analysis.
MRI measurements
In the first series of experiments, MRI was performed before, 2 h (H2), and 4 h (H4) after TBI (or equivalent time) at 9.4T in a horizontal bore magnet (BioSpec AVANCE III HD; Bruker BioSpin, Ettlingen, Germany). A 72-mm-inner-diameter quadrature volume coil was used for radio-frequency transmission and an actively decoupled four-channel surface coil array optimised for rat brain MRI was used for signal detection. A T 2 -weighted turbo rapid imaging with refocusing H-MRS was acquired at the same time points using single-voxel MRS. Spectra were acquired with the short echo time Point-RESolved Spectroscopy (PRESS) sequence, 19 with In the second series of experiments, MRI was performed at 7T in a horizontal bore magnet (Bruker BioSpec 47/40 USR AV III; Bruker BioSpin, Wissembourg, France). StO 2 maps were obtained using a multi-parametric quantitative BOLD approach, as we described previously. 21, 22 Haematocrit was fixed to 0.85 Â 42%. The 0.85 factor accounts for the Få hraeuseLindqvist effect that reduces the haematocrit in small capillaries. Cerebral perfusion was measured using a previously described steady-state approach based on the change in susceptibility after injection of ultra-small superparamagnetic particles of iron oxide (P904, 200 mmol kg
Guerbet SA, Aulnay-sous-Bois, France), which allows the determination of VSI, an estimate of mean microvessel diameter inside each MRI voxel. 23, 24 The VSI changes (DVSI)
were calculated at H2 and H4 by comparison with H0: DVSI¼
[VSI at H2 (or H4)ÀVSI at H0]/VSI at H0. Additionally, the serum concentrations of lactate, sodium, and chloride, and serum osmolality were determined at H4 (i.e. 1 h after the cessation of infusion).
Mitochondria extraction and oxygraphic analysis
Once 1 H-MRS was completed at H4 (first series of experiments), anaesthetised animals were killed by decapitation and brains were rapidly excised. The experimental protocol to extract mitochondria and perform oxygraphic analysis to assess mitochondrial RCR was similar to the one described previously (Supplementary files). 25 
Electron microscopy
In the third series of experiments using a similar protocol, the rats were killed by decapitation at H4 (n ¼ 1 rat per group). The experimental protocol was similar to the one described previously (Supplementary files). 25 Three cortex samples per rat were analysed. At least 200 mitochondria in astrocytes and at least 200 mitochondria in neurons were studied for each sample. The thickness of the mitochondrial cristae (nanometre) was determined to quantify the ultrastructural damages after brain injury. 12 
Statistical analysis
The sample size was calculated from 1 H-MRS data. A mean difference of 0.06 in Lac/TCr ratio was found in a pilot study comparing TBIeHSL and TBIesaline rats. For a statistical power of 80%, a two-sided error of 0.05, and a standard deviation of 0.03, 10 rats per group were required to detect such a difference. Data are expressed as median and inter-quartile range (25the75th quartiles) unless stated otherwise. The non-parametric KruskaleWallis and ManneWhitney tests were performed for continuous variables (StatView SE program; SAS Institute, Cary, NC, USA). HolmeBonferroni sequential correction was applied for multiple comparisons where appropriate. Statistical significance was declared when P < 0.05.
Results

HSL reduces post-traumatic brain oedema
In the first series of experiments, 51 rats were anaesthetised and subjected to the experimental protocol. Of these, 11 were excluded because of death before the experiment termination (n ¼ 7 in the TBI groups and n ¼ 1 in a sham group) and to the loss of 1 H-MRS data (n ¼ 3 in the sham groups). The four groups of 10 rats had no differences in physiological parameters during the experiments ( Table 1 
HSL modulates post-traumatic brain metabolism dysfunction
Typical 1 H-MR spectra from each group of rats are shown in Supplementary Fig. 1 . When compared across the four groups of rats, the Lac/TCr ratio was significantly higher in the TBIesaline group compared with the three other groups at H4: 0.097 (0.079e0.157) vs 0.049 (0.047e0.098) (TBIeHSL), 0.042 (0.041e0.057) (shamesaline), and 0.040 (0.033e0.052) (shameHSL) (P < 0.05 vs TBIesaline; Fig. 2A ). The NAA/TCr ratio was significantly reduced in the two TBI groups by comparison with the shamesaline group at H4 only: 0.227 (0.221e0.235) (TBIesaline) and 0.223 (0.216e0.241) (TBIeHSL) vs 0.250 (0.233e0.268) (shamesaline) (P < 0.05; Fig. 2B) . A significant difference in RCR was found between groups for complex IeIIIeIV (glutamateemalate) and complex IIeIIIeIV (succinate). In the presence of glutamateemalate, TBIesaline rats had a significantly decreased RCR 3.9 (3.7e5.4) vs 7.3 (6.5e7.7) (TBIeHSL), 6.4 (6.0e10.1) (shamesaline), and 8.2 (4.4e8.8) (shameHSL) (P < 0.05 vs TBIesaline). Similar differences between groups were found in the presence of succinate ( Supplementary Fig. 2 ).
HSL improves post-traumatic cerebral oxygenation and perfusion
In the second series of experiments, 51 rats were anaesthetised and subjected to the experimental protocol. Of these, 11 were excluded because of death before the experiment termination (n ¼ 5 in the TBI groups) and to the loss of MRI data (n ¼ 6 in the TBI and sham groups). The StO 2 obtained at H4 was significantly lower in the TBIesaline group compared with the TBIeHSL, shamesaline, and shameHSL groups: 66% (55e73) vs 77% (71e79), 75% (70e79), and 77% (75e81), respectively (P < 0.05 vs TBIesaline; Fig. 3A ). In addition, brain perfusion as assessed by VSI changes from baseline was markedly higher after HSL infusion in the two HSL groups (i.e. TBIeHSL and shameHSL) compared with the two saline groups (i.e. TBIesaline and shamesaline) (Fig. 3B) . At H2, the VSI changes were þ14% (13e17) and þ9% (7e11) vs þ4% (2e5) and þ1% (1e2), respectively (P < 0.05). A similar effect was observed at H4.
In this series of experiments, HSL-treated groups (sham and TBI) had significant higher concentrations of serum lactate at H4 compared with the two saline groups ( Table 2) . Although there were no differences in chloride concentration between groups, the TBIeHSL group had higher serum sodium concentration and serum osmolality than the TBIesaline group (P < 0.05).
HSL reduces post-traumatic mitochondrial changes
In ultrastructural mitochondrial analyses (third series of experiments), the mitochondrial cristae thickness of astrocytes was larger in the TBIesaline compared with that found with the TBIeHSL, shamesaline, and shameHSL groups: 38.4 (31.0e47.5) vs 27.5 (22.5e38.4), 28.8 (23.3e34.4), and 27.2 (23.2e32.2) nm, respectively (P < 0.01 vs TBIesaline; Fig. 4 ). Similar findings were obtained in neurons: 16.9 (14.7e19.4) vs 12.9 (11.2e15.7), 11.5 (9.6e13.1), and 13.1 (11.3e15.0) nm, respectively (P < 0.01 vs TBIesaline). 
Discussion
The results of our study show that a 3 h HSL infusion can reverse brain metabolism and oxygenation dysfunction induced by diffuse TBI. Specifically, the TBI-treated group with HSL solution had less intracellular brain lactate accumulation, higher mitochondrial respiration control ratio, and less ultrastructural mitochondria changes, together with attenuated brain oedema and improved brain oxygenation and perfusion, compared with the TBIesaline group. These findings indicate that HSL as a whole solution could have versatile properties on brain metabolism and perfusion after TBI. Alterations in brain-tissue metabolism occur during the initial phase post-TBI in response to a variety of biochemical signals (e.g. excitotoxicity, alteration in calcium homeostasis, oxidative stress, inflammation, and mitochondrial dysfunction).
26e28 Increased concentrations of brain extracellular lactate were found in TBI patients despite well-preserved regional blood flow and brain-tissue oxygen tension, suggesting a stimulation of anaerobic glycolysis caused by an inefficiency of mitochondrial oxidative metabolism.
29,30
A lactate/pyruvate ratio greater than 25 has been viewed as arising from high glycolytic activity indicative of mitochondrial dysfunction. 31 Experimental studies have shown morphological and functional post-traumatic abnormalities suggesting failure in mitochondrial respiration with a decreased aerobic production of ATP and anaerobic metabolism without evidence of brain ischaemia. 11, 12, 32 Post-traumatic measurements of RCR in mitochondria showed a marked impairment with subsequent decreased ATP production. 12, 33 Our laboratory has recently shown that TBIesaline-treated rats had higher intramitochondrial calcium content and reduced calciumretention capacity 2 h after the impact compared with shamoperated rats along with more ultrastructural mitochondria damage. 25 Using in vivo 1 H-MRS measurements, intracellular brain lactate accumulation was found as a marker of metabolic impairment in models of localised ischaemia and trauma. 34, 35 Our results with the TBIesaline group were in line with these findings, showing greater intracellular brain lactate accumulation and more morphological mitochondria changes compared with the shamesaline group. Our study shows, however, that these post-traumatic metabolic derangements could be reversed as HSL administration resulted in improved RCR measurements and Lac/TCr ratio, and reduced mitochondria changes as early as 4 h postinjury. Exogenous lactate administration was found to improve mitochondrial oxidative respiration in models of injured brain cells, 36, 37 while measurements of cerebral ATP concentrations led to conflicting results. 38, 39 As a possible surrogate marker, extracellular concentrations of lactate, pyruvate, and glucose were increased during HSL infusion in TBI patients. 10 The significance of such extracellular lactate elevation after TBI under treatment remained unclear, as it could reflect aerobic glycolysis 30 [i.e. the conversion of lactate to pyruvate to be utilised in aerobic conditions (lactate oxidation) with concomitant increase of cerebral microdialysis lactate and pyruvate concentrations], or the inability of injured brain cells to utilise exogenous lactate 13 that is caused by insufficient oxygen availability and reduced Krebs cycle metabolism of pyruvate. In order to clarify this issue, we used in vivo 1 H-MRS to assess intracellular lactate metabolism. Considering that TCr did not change between the two TBI groups of animals, the marked reduction in intracellular created an osmotic gradient to reduce brain oedema. Indeed, serum osmolality and serum sodium concentration were higher in the TBIeHSL group. The anti-oedematous effect of HSL could reduce perivascular swelling located during the process of the end feet of astrocytes surrounding microvessels, which impairs post-traumatic brain-tissue oxygenation as seen in our other studies using erythropoietin and mannitol. 18, 40 In line with these studies, we found that brain-tissue oxygenation (StO 2 ) and perfusion (VSI) were significantly improved with post-traumatic HSL infusion. At this point, it should be mentioned that the cerebral effects of lactate are critically dependent on the extracellular lactate concentration to permit the preferential use of lactate over glucose by neurons during oxidative metabolism. 8 Because the neuronal lactate dehydrogenase enzyme is working near equilibrium, increasing the extracellular lactate concentration will drive the reaction to convert lactate to pyruvate and spare glucose for neurotransmission, reactive-oxygenspecies regulation, and biosynthesis. 41 To induce metabolic effects on brain tissue, the serum lactate concentration should therefore be raised to at least 5 mmol litre À1 , 8 a condition observed in the present study. This can be achieved by the use of molar HSL solution with unavoidable changes in serum sodium and osmolality. 10 On the other hand, a 48 h half-molar HSL infusion was associated with reduced fluid and chloride balance, and no change in serum osmolality. 17 Further studies comparing equiosmolar HSL and hypertonic saline solutions are needed to discriminate between the metabolic and anti-oedematous effects of the HSL solution.
Because VSI was markedly increased in shameHSL compared with shamesaline, a direct vasodilator effect of HSL on cerebral microcirculation can be also considered in accordance with the role of lactate to induce cerebral vasodilatation.
14 Infusion of hyper-osmotic sodium lactate for 24 h significantly lowered the intracranial pressure and improved the cerebral blood flow in a model of focal TBI. 42 Lactate infusion rapidly increased the cerebral blood flow in a model of focal TBI. 15 This effect may result from the influence of excessive lactate on the NADþ/NADH balance and on the Gprotein-coupled lactate receptor GPR81 located at endothelial cell membranes. 43 Collectively, these findings suggest that the anti-oedematous and vasodilator properties of HSL may have facilitated the diffusion of oxygen for mitochondrial respiration after TBI. Our study has several limitations. First, brain oedema and brain metabolism were assessed up to 4 h after HSL treatment. Although MR experiments at 2 and 4 h provided consistent results, we did not determine whether the effects of HSL could be sustained for days after trauma. Second, we did not assess whether this improvement of brain mitochondrial metabolism would result in better neurocognitive performance, as previously shown with HSL. 38, 44 This point is currently under investigation. Third, the HSL solution was given over a 3 h continuous infusion as done elsewhere, 38, 44 at a concentration rate of 15e20 mmol kg À1 min À1 infused lactate. Considering the concomitant utilisation of infused lactate by other tissues (e.g. liver and heart), further investigations are required to determine the most effective doses for HSL solution on brain metabolism after TBI.
In conclusion, diffuse TBI produces brain oedema, microcirculatory derangements, and oxidative metabolic dysfunction. Post-injury treatment with a 3 h HSL solution restored the TBI-induced mitochondrial dysfunction together with improved brain oxygenation and perfusion, and reduced brain oedema. These findings provide information on the versatile properties of HSL as a whole solution on injured brain, and may reinforce the rationale for targeting the brain oxidative dysfunction in human TBI studies.
